Considering the increasing interest in adipose-derived stem cells (ASCs) in regenerative medicine, optimization of methods aimed at isolation, characterization, expansion and evaluation of differentiation potential is critical to ensure (a) the quality of stem cells also in terms of genetic stability; (b) the reproducibility of beneficial effects; and (c) the safety of their use. Numerous studies have been conducted to understand the mechanisms that regulate ASC proliferation, growth and differentiation, however standard protocols about harvesting and processing techniques are not yet defined. It is also important to note that some steps in the procedures of harvesting and/or processing have been reported to affect recovery and/or the physiology of ASCs. Even considering the great opportunity that the ASCs provide for the identification of novel molecular targets for new or old drugs, the definition of homogeneous preparation methods that ensure adequate quality assurance and control, in accordance with current GMPs (good manufacturing practices), is required. Here, we summarize the literature reports to provide a detailed overview of the methodological issues underlying human ASCs isolation, processing, characterization, expansion, differentiation techniques, recalling at the same time their basilar principles, advantages and limits, in particular focusing on how these procedures could affect the ASC quality, functionality and plasticity.
Adipose-Derived Stem Cells (ASCs)
Adipose-derived stem cells (ASCs) are adult multipotent cells with homing, immunomodulation, promotion of tissue repair and regeneration properties. Moreover, their clinical use, unlike embryonic stem cells, is less associated with ethical controversies being harvested from autologous adult fat. ASC therapeutic potential is derived from their natural ability to maintain homeostasis being able to migrate to an area of injury then facilitating tissue repair, also exerting immunomodulatory effects. Allogeneic ASCs also carry a minimal rejection risk because they lack the ability to express MHC-II and express low levels of MHC-I proteins [1, 2] . Adipose tissue is an excellent source of autologous mesenchymal stem cells (MSCs) which can be harvested easily compared with bone marrow-derived stem cells with a lower risk of complications for the patient. The International Federation for Adipose Therapeutics and Science (IFATS) and the International Society for Cellular Therapy (ISCT) proposed three minimal criteria for the definition of ASCs: (1) plastic adherence; (2) expression of CD73, CD90, 20 min or centrifugation at 400× g, is enough to provide a good amount of ASCs and to preserve the adipocyte integrity, showing that both approaches are effective ( Figure 1) . Clearly, the technique of centrifugation can surely allow the surgical team a significant time saving for fat grafting, when the appropriate equipment is available. obtained from lipoaspirate samples after either spontaneous stratification at 20 min or centrifugation at 400× g, is enough to provide a good amount of ASCs and to preserve the adipocyte integrity, showing that both approaches are effective ( Figure 1) . Clearly, the technique of centrifugation can surely allow the surgical team a significant time saving for fat grafting, when the appropriate equipment is available. Since Zuk et al. [6, 9] many modified experimental procedures have been proposed [10] . However, the enzymatic digestion-based methods are mainly intended for experimental purposes, and are considered less suitable in clinical practice. The clinical use of proteolytic enzymes, e.g., trypsin-EDTA solution, dispase or collagenase, being able to negatively affect cell viability and surface antigens, is indeed considered critical by some Authors [11] . However, several clinical studies that used enzyme digested SVF have been published [12] [13] [14] and the results described below.
The isolation of ASCs using non-enzymatic methods have been described by several groups [15] [16] [17] [18] [19] . ASCs present in the infranatant layer of the suction canister after liposuction can be expanded ex vivo and show a phenotypic and differentiation potential similar to ASCs isolated via collagenase digestion, but their number appears to be significantly lower [6] . Busser et al. [20] have proposed a new one-step and quickly performed method to isolate ASCs from lipoaspirate without the collagenase digestion step comparing the collagenase methods with explant culture protocol. Collagenase treatment affects the quantity and quality of isolated ASCs; besides, cells obtained without enzymatic treatment show a higher potential to support hematopoiesis and a lower percentage of CD34 cells, thus supporting the quality, goodness, and effectiveness of the explant culture method.
Currently, several standardized protocols for fat grafting are available aimed at not only soft tissue augmentation but also tissue regeneration, thus promoting considerable interest in basic sciences and clinical research. The regenerative properties are closely linked to heterogeneous SVF cell population of grafted lipoaspirate, extracellular matrix and soluble mediators. The critical element in fat grafting consists on the rate of fat engraftment depending also on ASC richness [21] . Most surgical procedures for fat grafting are based on several easy approaches, such as simple lipoaspirate, gravity separation, filtration or centrifugation, all aiming to remove undesired components and to obtain fat tissue condensation with a better concentration of SVF, as source of ASC. Since Zuk et al. [6, 9] many modified experimental procedures have been proposed [10] . However, the enzymatic digestion-based methods are mainly intended for experimental purposes, and are considered less suitable in clinical practice. The clinical use of proteolytic enzymes, e.g., trypsin-EDTA solution, dispase or collagenase, being able to negatively affect cell viability and surface antigens, is indeed considered critical by some Authors [11] . However, several clinical studies that used enzyme digested SVF have been published [12] [13] [14] and the results described below.
Currently, several standardized protocols for fat grafting are available aimed at not only soft tissue augmentation but also tissue regeneration, thus promoting considerable interest in basic sciences and clinical research. The regenerative properties are closely linked to heterogeneous SVF cell population of grafted lipoaspirate, extracellular matrix and soluble mediators. The critical element in fat grafting consists on the rate of fat engraftment depending also on ASC richness [21] . Most surgical procedures for fat grafting are based on several easy approaches, such as simple lipoaspirate, gravity separation, filtration or centrifugation, all aiming to remove undesired components and to obtain fat tissue condensation with a better concentration of SVF, as source of ASC. A new procedure called cell-assisted lipotransfer (CAL) has been proposed to enrich the aspirate fat with SVF obtained after enzymatic isolation, improving the long-term volume retention [12, 13] . To date, clinical devices for SVF isolating and obtaining enriched fat grafts in stem cells are available with different performance primarily in terms of cell yield, effectiveness and safety. In a study of Domenis et al. [14] , the classical Coleman's procedure [22] is compared to three devices for clinic use examining stem cell yield, proliferation and differentiation potential. Two devices perform an enzymatic isolation of SVF cells, while the third consists in a filtration system able to obtain mechanically the SVF cells. The SVFs obtained from these three systems are added to a remaining part of lipoaspirate, then the authors compared for each device yield, immunophenotype and colony-forming assay of SVF in standard lipoaspirate and SVF-enriched lipoaspirate. The results show that the lipoaspirates enriched with enzymatic methods have a significantly higher number of cells with respect to non-enriched lipoaspirate or enriched with a mechanical procedure, while no difference has been reported in stemness marker expression. Besides, the cells isolated from the lipoaspirates enriched with enzymatic methods, show a significant colony-forming efficiency together with high levels of Nanog, SOX2 and Oct4 after 1 week of seeding. In the same study, the authors have examined phenotype and function of ASCs isolated from non-and enriched lipoaspirate, at the third passage of culture showing that ASCs from enriched enzymatically lipoaspirate maintain higher Nanog and Oct4 expression levels. Functionally, the ASCs extracted from enriched lipoaspirate duplicate faster and are characterized by a higher ability to differentiate with respect to non-enriched lipoaspirate or mechanical enrichment procedures. Nevertheless, according to the regulations set forth by the US Food and Drug Administration (FDA), the fat graft must be minimally manipulated, enzyme-free and used in the same surgical procedure, therefore in clinical practice non-enzymatic methods are used. Recently innovative technology based on mechanical disruption of adipose tissue in closed systems has been reported [23] . In a recent study, the advantages derived by a simple device able to fat harvest with minimal manipulation through soft mechanical action, are described [24] . In particular, with this technology, cell components are preserved in the SVF, the enzyme absence maintains unaltered the exosome content, and the micro-fragmented tissue promotes the healing process of receiving tissue. Nonetheless, the same authors suggest better evaluating the performance of this device in multicenter studies. Although responding to clinical requirements, the non-enzymatic methods require large amounts of lipoaspirate and have lower efficiency in cell recovery when compared to enzymatic methods generally used in a research context [25] .
Culture and Expansion of ASCs
ASCs are obtained by plating the SVF cells and can be either freshly isolated or cultured. Freshly isolated ASCs have been reported to appear more heterogeneous compared with the quite homogeneous cells harvested from cultured ASCs [1] . The SVF/ASCs culture protocol varies between laboratories and, currently, there is not a single available method. The most commonly used is a monolayer culture in standard medium supplemented with 10% fetal bovine serum [8, 26] . In fact, regardless to isolation methods (enzymatic or non-enzymatic), SVF cells are seeded onto culture flasks and kept in sterile conditions at 37 • C, 5% CO 2 in standard medium (i.e., DMEM or α-MEM) containing 10% FBS and 1% antibiotics to select adherent cells [8, 27] . The remaining floating cells are removed 24-48 h later, and the flask is washed with medium to remove any debris. ASCs are maintained in medium supplemented with 10% FBS humidified at 5% CO 2 37 • C until sub-confluence at 80-90%, changing the medium every 2-3 days.
When sub-confluency is reached, adherent cells are harvested after enzymatic detachment, washed in PBS, counted and analyzed for their growth, clonogenicity, and antigen expression. Cells are expanded until passage 3 (P3) by replating at low density (~1000-4000 cells/cm 2 ) [20, 27] . Although the ASC isolation and expansion seem quite simple, their short life span limits not only their investigation in preclinical studies but also an exhaustive evaluation of their therapeutic potential. Indeed, like all adult cell types, ASCs also significantly decrease cell growth after a limited number of in vitro passages due to a cellular process termed replicative senescence. Nowadays, standard protocols for ASC seeding are lacking, as evidenced by the wide range of cellular concentrations (cell density/cm 2 ) used for replating [20, [27] [28] [29] .
Also, considering the use of ASCs in regenerative medicine, an improvement in methods to assess their reproducibility, safety and quality of in vitro expanded cells is crucial. So, producing cells that are genetically stable is a step towards getting insurance that the cells would not transform, leading to genetically aberrated progeny when transplanted into the recipient. The production of clinical-grade ASCs in agreement with GMP procedures requires the careful identification and control of all the phases of cell manipulation. In addition to sterility tests, the methods of expansion must guarantee and maintain the phenotypic and functional characteristics of the cells as well as their genomic stability during the in vitro culture period. Few studies have focused on the safety of cultured human ASCs by molecular evaluation of genomic stability [30, 31] . Due to the lack of international indications about genetic stability assessments, the karyotype technique is the most frequently used analysis [27] . Other useful methods are MicroSatellite Instability (MSI) analysis, telomere length and telomerase activity. Neri et al., using all the above mentioned methods, have evaluated at 14 day culture (end of P1) the potential susceptibility of in vitro expanded ASCs to genetic alterations [31] . No karyotype alterations, no change in telomere length and telomerase activity, no cases of MSI, no significant modification of mismatch repair gene expression, thus supporting the absence of genetic damage accumulation at the first culture passages, are detected. In a recent report, the ASC karyotype after expansion is analyzed between P12 and P14 in the presence of 5% supernatant rich in growth factors from platelets or 10% FBS. ASCs expanded in both media show unaltered phenotype as assayed by flow cytometry and no genetic lesion is observed [27] . Li et al. [30] have performed an explant method to isolate and expand in a serum-free medium ASCs according to current GMP guidelines. The biological characteristics, such as cell morphology, karyotype, cell cycle, immunophenotype and growth factors, are assessed at different culture passages (n. 1, 3, 5, 10, 15, 20) . Even if the ASC proliferation rate begins to slow down significantly after 15 passages, no evident chromosomal aberrations are observed until 20 passages; also the gene expression level of p53, CCNE, Nanog and TERT basically remains stable at all passages, thus supporting the suggestion that ASCs manufactured through this protocol are safe and suitable for clinical transplantation.
ASCs are considered a promising tool for regenerative medicine mainly for their ability to secrete a wide range of bioactive factors as well as extracellular vesicles, able to affect both local and systemic physiological processes [32] . Indeed, scientific and clinical interest in the transplant of ASC-derived secretome or purified exosomes as a promising therapeutic strategy for the treatment of various diseases is increasing. The secretome is a complex set of exosomes and microvesicles secreted by living cells and can be isolated from all body fluids, and they carry a complex cargo mainly composed of biologically active proteins, lipids, nucleic acids [33, 34] . Nowadays, a standardized handling method for ensuring a good quantity of ASC-derived secretome products for therapeutic approaches has not yet been established. Compared to cells, exosomes are more stable and easily storable, have lower maintenance cost and lower possibility of immune rejection following in vivo transplantation, and the molecules contained within the exosomes are better protected from degradation [32] . Several articles are focused on the characterization of ASC secretomic profile by proteomic approaches [35] [36] [37] , but how the ASC isolation and expansion techniques could affect the secretome composition is not fully addressed.
Analysis of Phenotypic Profile of Stromal Vascular Fraction (SVF)/ASCs
The wide variety of methods of SVF/ASC harvesting and isolation had initially highlighted several issues in comparing study outcomes. Among the recommended ISCTS and IFAT criteria to define human SVF/ASCs, have included the negative or positive expression of distinct surface molecules. [1] . SVF cells are identified phenotypically as CD45 − CD235a − CD31 − CD34 + . Added value may be provided by the following surface antigens: CD13, CD73, CD90 and CD105. In culture, ASCs retain markers in common with other mesenchymal stromal/stem cells (MSCs), including CD90, CD73, CD105, and CD44 and remain negative for CD45 and CD31. They can be distinguished from bone-marrow-derived MSCs by their positivity for CD36 and negativity for CD106.
The marker expression can be affected by in vitro culture and passage numbers [38] . Phenotype analysis is always performed in ASC studies just for confirming the mesenchymal nature of isolated cells. Few studies evaluate whether the tissue harvesting method can affect the phenotype. Bajek et al. [39] have compared the surface markers in ASCs obtained by mechanical or ultrasound-assisted liposuction (MAL, UAL) and selected at the second passage. 242 different markers using the BD LyoplateTM Human Cell Surface Marker Screening Panel. The expression of selected markers for MSC phenotype i.e., CD13, CD29, CD73, CD90, CD105 is similar in both ASC populations, nonetheless CD166 level is higher in UAL-derived ASCs. On the other hand, uncharacteristic markers such as CD31, CD45 and HLA-DR in UAL-derived ASCs are significantly higher than MAL-derived ASC population. However, the authors conclude that even if statistically significant differences are observed in 58 markers, the differences in the most important markers are rather small, thus concluding that the collection method does not significantly affect the ASC phenotypic profile. Bajek et al., have recently confirmed that different collection methods such as surgical resection, PAL, and LAL, do not alter the expression of major mesenchymal markers such as CD90 and CD44 on ASC population during long-term culture in vitro [3] .
ASC Differentiation Potential
According to the criteria defined by IFATS/ISCT, to complete the ASC identification their multipotency and ability to differentiate to osteoblastic, chondrocytic and adipocytic lineages has to be assessed using standard in vitro tissue culture-differentiating conditions [40] . Currently, suitable commercial kits are proposed containing specially formulated media supplements and cytochemical staining solutions and/or a panel of antibodies for evaluating the differentiation that occurs in the different cell lineages. However, to precisely analyze the differentiation, a quantitative assessment is advised using lineage-specific gene or protein markers as proposed [1] .
The osteogenic differentiation medium must contain: β-glycerophosphate, dexamethasone, ascorbic acid-2-phosphate and combinations of transforming growth factor-beta (TGF-β), bone morphogenetic proteins and vitamin D3 [1, 40] . Recently, melatonin or a mixture of hyaluronic, butyric, and retinoic acids have been reported to efficiently promote an osteogenic patterning in human dental pulp stem cells by inducing the transcription of a gene program of osteogenesis [41, 42] . The differentiation of ASCs into osteocytes is controlled by various transcription factors as such as Runt-related transcription factor 2 (Runx2), osterix, and β-catenin. The ASCs are incubated with osteogenic differentiation media for 14-21 days and then at 14 and 21 days of culture, the differentiation is firstly evaluated by staining with alizarin red or von Kossa. To confirm osteoblast phenotype, histochemistry or RT-PCR analysis are performed to evaluate specific gene and protein expression, such as key osteogenic transcription factor Runx2, alkaline phosphatase, bone sialoprotein, osteocalcin, osterix [1] .
The adipogenic differentiation medium must be supplemented with 3-isobutyl-1-methyl-xanthine, insulin, indomethacin, triiodothyonine, Asc-2-P, basic fibroblast-growth factor (FGF)-basic, and the glucocorticoid dexamethasone [40] . The adipogenic differentiation is morphologically characterized by spherical shape with accumulating lipid droplets [8] . The transcription factor mostly implicated in the adipogenic differentiation results in the peroxisome proliferation-activated receptor γ (PPARγ) that is able to regulate expression of genes promoting the adipogenic process [1, 40] . Adipogenic differentiation medium is used for culturing the stem cells for 7-21 days. The analysis of adipogenic phenotype is verified with oil-red or Nile red staining and then several biochemical markers are detected such as adiponectin, fatty acid binding protein 4, leptin, PPARγ, glycerol 3 phosphate dehydrogenase by histochemistry or reverse transcription polymerase chain reaction.
The chondrogenic differentiation medium must be completed by addition of ascorbic acid phosphate, dexamethasone, bovine serum albumin, linoleic acid, sodium pyruvate, transferrin, selenious acid, and TGF-β1 [40, 43] . The SRY-related high mobility group-box gene 9 (Sox9) is one of the major transcription factors that regulates the chondrogenic commitment. The differentiation begins to appear when the cells change from a fibroblast-like morphology into a round shape. For chondrocyte differentiation the stem cells are incubated for 14-21 days. The chondrogenic phenotype is verified with alcian blue or Safranin O staining. In addition the aggrecan, collagen type II, Sox9 markers are also evaluated [1] .
The adipose stem cells have also the potential to differentiate into non mesodermal lineages including cardiomyocytes [44, 45] , smooth muscle cells [9, 46] , endothelial cells [45] , and neurons [47] . Adipose tissue-derived MSCs can be differentiated into hepatocytes by using a cocktail of hepatocyte induction factors which comprises FGF1, FGF4 and HGF. This commitment is induced by factors like oncostatin M and dexamethasone [48] . Moreover, ASCs also have the properties to differentiate into endothelial cells and macrophages [49, 50] . In addition, Bellei et al. [25] have reported that ASCs can differentiate into melanocytes in the presence of selected growth factors. Therefore, non-mesodermal and mesodermal lineage differentiation properties will likely be a central part of the next generation of ASC-based therapy.
SVF/ASC Cryopreservation
Basic and clinical research investigating SVF/ASCs is primarily performed on fresh specimens obtained principally by whole adipose tissue or lipoaspirate, but it is not always possible to work on fresh material. Often their use is indeed shifted temporally with respect to the time of collection. There are many reasons supporting the need to use frozen tissues or cells as an alternative approach and the possibility of storing purified SVF as well as ASCs by cryopreservation and freezing is another crucial step to optimize the study design, in particular for clinical applications.
The procedures for cryopreservation must be efficient and valid. For this reason it is central to evaluate several parameters including cell recovery, viability, phenotype, proliferation and multi-lineage differentiation potential. To date, only a few studies have investigated the effect of cryopreservation procedures on human ASCs. Devitt et al. [28] have investigated the effect of cryopreservation (−70 • C) of human whole adipose tissue on ASC isolation, viability and growth. The increase of cryopreservation time (range 2-1159 days), also inducing a progressive reduction of live ASC number and cell viability statistically significant just at a >2 year freezing period, does not affect either cell growth or stemness potential.
Recently, Zanata et al. [51] have investigated the effect of cryopreservation (4-6 weeks) on SVF viability and number, colony-forming unit ability and immunophenotypic profile. Three different conditions are compared: SVF from fresh lipoaspirate, SVF from cryopreserved lipoaspirate (−80 • in 70% FCS, 20% DMSO, 10% stromal medium) and cryopreserved SVF (−80 • C in 80% FCS, 10% DMSO, 10% stromal medium) from fresh lipoaspirate. The lipoaspirate cryopreservation, while not affecting SVF cell yield when compared to fresh lipoaspirate-derived SVF, leads to a significant reduction of cell viability. Moreover, the colony-forming-unit percentage appears strongly reduced (~16 fold) in cryopreserved lipoaspirate-derived SVF. In terms of SVF cell surface markers, no relevant differences are shown with the exception of CD73 which was significantly upregulated in cryopreserved lipoaspirate-derived SVF. The cryopreservation of SVF does not influence cell viability as well as colony-forming-unit percentage when compared to fresh lipoaspirate-derived SVF. On the other hand, the expression of stromal and adipogenic markers significantly enhanced in SVF following cryopreservation.
For clinical application it is important define xeno-free cryopreservation media as suggested by the FDA [52] . Lopez et al. [53] have evaluated two distinct cryopreservation xero-free media on the ASC post-thaw viability, plating efficiency rates, karyotype and differentiation potential. The results indicate that the medium composed of 3.5% DMSO, 3.5% ethylene glycol in DMEM/F-12 containing 0.5 M trehalose, 2% polyvinyl alcohol, 5% ficoll, 0.1 mM EGTA, 3 mM reduced glutathione and 5 mM ascorbic acid 2-phosphatase improves the plating efficiency rating to the level of the unfrozen cells also maintaining either multipotency or chromosomal normality.
To avoid FBS use, the addition to cryopreservation medium of different supplements such as human serum albumin (9%), human serum (90%) or knockout serum replacement (90%) to maintain the ASC recovery rate, viability, and growth kinetics at level similar to the conventional medium with 90% FBS, has been recently reported [29] . Gene expression, immunophenotype and multi-lineage differentiation ability of ASCs are not influenced by the different used cryopreservation media.
Cryopreserved cells can be subjected to freeze-thaw cycles. According to literature data, two rounds of ASC cryopreservation represent the maximum number [29, 54] . In particular, when the cells were subjected to three or four freeze-thaw cycles, the viability, immunophenotype, gene expression and multi-lineage potential have been reported to be similar to fresh cells, even if a decreased replicative capacity with a longer doubling time has been reported [29] .
Influence of Age and Obesity on ASC Isolation and Functions
Aging, obesity and related-chronic diseases can negatively affect ASCs and their microenvironment and impair their functions, thus leading to a low effectiveness of autologous cell therapy [55, 56] . By contrast with bone-marrow-derived MSCs, the number of ASCs in adipose tissue does not decrease with age [57, 58] even if their clonogenic and proliferative potential gradually declines [59] [60] [61] [62] [63] . ASCs isolated from old individuals have reduced function and adipogenic potential compared to ASCs from young subjects [64] [65] [66] . The growth rate of ASCs has been reported to be higher in younger (25-30 years old) than in older patients [61] . Also, paracrine activity of ASCs changes with age [67] . ASCs from obese subjects have been described with a reduced function and differentiation potential when compared to lean age-matched controls [66] . These changes should be considered for the definition of ASC-based therapy to verify the aging impact on the ASC properties (i.e., telomere lenght) [68] , cell cycle inhibitor expression [69, 70] , proliferation [68, 71] , genomic integrity [72] , reactive oxygen species (ROS) levels and antioxidant protective system [73] .
In a recent review, Lowen et al. have collected the reports highlighting that ASCs in obesity are defective in various functionalities and properties including differentiation, angiogenesis, motility, multipotent state, metabolism and immunomodulation [74] . Deregulated ASCs, as well as other MSCs, have been suggested to play a crucial role in promoting the development of obesity [74, 75] . Restoration of ASCs/MSCs might thus represent an additional strategy to combat obesity and its associated diseases. The undifferentiated multipotent state of ASCs is impaired in obese as compared to non-obese subjects. A reduced expression of multipotency-associated genes i.e., OCT4, SAL4, SOX15 and KLF4 and an upregulation of adipogenic and inflammatory genes are reported in obese ASCs [76, 77] . In addition, ASCs isolated from obese adipose tissue show reduced telomerase activity and telomere length, indicative of a lower self-renewal capacity [78] . It has been reported that the body mass index (BMI) is associated to compromised osteogenesis potential of ASCs [79] and obese-derived ASCs differentiate much less toward osteogenic lineage than non-obese ASCs [80] [81] [82] . Impaired angiogenic potential is also shown in obese-derived ASCs [83] . In addition, obesity is also associated to an altered ASC secretome profile mainly due to the associated pro-inflammatory environment [76, 84, 85] able to negatively impact on the ASC differentiation potential and regenerative capability. Compared with lean-derived ASCs, ASCs derived from obese and T2DM subjects show reduced immunosuppressive activities and are less effective in suppressing lymphocyte proliferation and activating the M2 macrophage phenotype, thus contributing to obesity-associated inflammation and insulin resistance [86] .
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